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Role of PacificOcean climate in regulating
runoff in thesourceareasofwater transfer
projects on the Pacific Rim
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Over the past two decades, more frequent and intense climate events have seriously threatened the
operation of water transfer projects in the Pacific Rim region. However, the role of climatic change in
driving runoff variations in thewater sourceareasof theseprojects is unclear.Weused tree-ring data to
reconstruct changes in the runoff of theHanjiangRiver since 1580CE representing an important water
source area for China’s south-north water transfer project. Comparisons with hydroclimatic
reconstructions for the southwestern United States and central Chile indicated that the Pacific Rim
region has experienced multiple coinciding droughts related to ENSO activity. Climate simulations
indicate an increased likelihood of drought occurrence in the Pacific Rim region in the coming
decades. The combination of warming-induced drought stresses with dynamic El Niño (warming
ENSO) patterns is a thread to urban agglomerations and agricultural regions that rely onwater transfer
projects along the Pacific Rim.

Due to the imbalance between the distribution of water resources and
regional economic development, many water-transfer projects have been
developed on the Pacific Rim that have substantially affected the landscape
and human and ecological communities. Prominent examples include
China’s south–north water transfer project and the California water
transfer project1–4. However, during the past 20 years, alongwith increased
global warming, there has been a significant increase in drought frequency
in the water source areas of these water transfer projects. The resulting
large reduction in runoff has threatened the water security of the many
urban agglomerations that depend on transferred water1,5–8. As the main
water source of China’s south–north water transfer project, the runoff of
the Yangtze andHanjiang rivers has undergone decreasing trends over the

past ~40 years. In particular, an extreme drought occurred in the Yangtze
River Basin in June 2022, where the surface areas of water bodies sig-
nificantly decreased, causing major national-scale impacts7,9,10. Simulta-
neously, the western coasts of North and South America have experienced
increased droughts over the past ~20 years11–13. The continuing decrease in
runoff in all these source regions caused excessive groundwater pumping
and gradually depleting the water reservoirs accessible for industrial,
agricultural, and domestic consumption11,14–17. The occurrence of mega-
droughts accelerates regional-to-large-scale forest degradation, increases
the frequency and severity of wildfires, and sustainedly damages aquatic
ecosystems18–22. The affected regions include some of the world’s most
important irrigation agriculture and industrial areas along the Pacific Rim,
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and the increased frequency of megadroughts affects global supply
chains5,6.

Megadroughts on thewestern coasts ofNorth and SouthAmerica have
been linked to climate forcings, where co-occurring hydroclimate fluctua-
tions canpartially be explainedby changes in thePacificOcean5,12,23–25. There
is also evidence of coherence among runoff-sensitive proxies on thewestern
coasts of North and South America and the El Niño-Southern Oscillation
(ENSO)26–31. Moreover, hydroclimate reconstructions have indicated an
out-of-phase relationship between drought in North America and Mon-
soonal Asia32, and climate change in the Pacific Ocean region has been
linked to runoff fluctuations in Monsoonal Asia33,34. Taken together, these
evidences imply the existence of anomalous ENSO-induced runoff and
hydroclimatic patterns, which may affect the operation of water transfer
projects on the Pacific Rim. Despite the progress made in characterizing
runoff variations and their causes in the source areas of the water transfer
projects ofNorth andSouthAmerica26–31, little is understoodabout the long-
term runoff characteristics of China’s mega south-north water transfer
project, and their potential associationwith runoff variations on thewestern
coasts of North and South America. Here, we present an annual-resolution

runoff reconstruction for the Hanjiang River since 1580 CE, along the
central route ofChina’s south-northwater transfer project (Fig. 1). This new
runoff record enables us to place the 60-year measured and 100-year pro-
jected runoff variations within a multi-centennial perspective, and to
explore the linkages between hydroclimate variations in the source areas of
water transfer projects on the Pacific Rim. We then use multi-model
ensemble runoff projection from the Coupled Model Intercomparison
Project 6 (CMIP6) to place regional and inter-regional droughts in the
context of past hydroclimate variations and projected future changes driven
by global warming.

Results and discussion
Runoff reconstruction for the Hanjiang river
Wedeveloped runoff-sensitive tree-ring-width chronologies frompine trees
growing at siteswith shallow rocky soils in theQinlingMountains of central
China (Fig. 1a and Supplementary Fig. 1 and Table 1). These records were
used to reconstruct August–July runoff for the Hanjiang River (Danjiang-
kou) with annual resolution from 1580 to 2022 CE, using nested principal
component regression (see Methods).

Fig. 1 | Spatio-temporal characteristics of the runoff reconstruction. aMap
showing the locations of tree-ring sites and hydrological stations. Also shown are the
routes related to the Hanjiang River. b This study, along with reconstructions from
the southwestern United States5 and Central Chile25, corresponds to the spatial
correlation patterns (1955–2014) of gridded August–July PDSI respectively in Asia,
NorthAmerica, and SouthAmerica. Correlations between the runoff reconstruction
in Hanjiang River and sea surface temperatures are also shown. c Reconstructed

runoff in Hanjiang River from 1580 to 2022 CE, together with the 11-year low-pass
filtered reconstruction, highlighting multi-decadal variability. Inset shows actual
versus estimated August–July runoff during the instrumental period. The runoff
variation from the downscaled and bias-corrected multi-model CMIP6 SSP2-4.5
and SSP5-8.5 ensemble (24 models; Supplementary Table 5) during both the ‘his-
torical’ (1902–2014 CE) and ‘future’ (2015–2100 CE) simulation periods of these
runs are also shown.
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The reconstructions passed all calibration and verification tests and
explains 40.7–44.8% of the instrumental runoff variance during the
1955–2014 calibration period (Supplementary Fig. 2 and Table 2). Low
runoff periods occurred during 1580–1592, 1607–1647, 1757–1796,
1842–1869, 1872-1881, 1900–1909, 1916–1943, and 1993–2007; while high
runoff periods occurred during 1659–1732, 1741–1756, 1797–1806,
1815–1835, 1882–1899, 1944–1992, and2008–2017 (Fig. 1c).Overall lowest
runoff was reconstructed from 1916–1943 and recently from 1993–2007
during periods when Hanjiang runoff fell below 262.8 × 108 and
267.6 × 108 m3, respectively. The reduced runoff in 2022, 68.5 × 108 m3

below the long-term mean (351.7 × 108 m3) largely originates from the
severe drought in the Yangtze River basin9.

Our runoff reconstruction includes 54 extreme flood and 57 extreme
drought events documented in historical literature in the Hanjiang River
basin and surrounding areas before 1950 CE35 (Supplementary Table 3).
Our reconstruction effectively captures the extreme runoff generated by
anomalous droughts and floods, especially the lowest runoff (94.3 × 108 m3)
during the past 443 years caused by the 1928 extreme drought event in
northern China. By comparing the new reconstruction with documented
floods, we find the runoff estimates were significantly higher (61.2 × 108 m3,
p < 0.01) than would be expected by chance. Additionally, runoff decreased
by more than 1 standard deviation (86.4 × 108 m3) in the reconstruction
during the 57 historical drought years, and a statistically significant reduc-
tion (p < 0.01) occurred two years before and after these historical drought
years (Fig. 2a, b).

It is noteworthy that these linkages betweenour reconstruction and the
historical records are much stronger during the instrumental period. The
Superposed EpochAnalysis (SEA) of the flood and drought years after 1949
donot showmore significant high/low runoff conditions (Fig. 2c, d), but the
13 droughts and 14 floods occurred during the instrumental period of
1955–2014, occupying about 50%of the time.The frequency and amplitude
of droughts and flood increased significantly compared to the pre-
instrumental period, particularly for the extreme floods. The occurrence of
this asymmetric response proves that there are some flaws in the ability of
tree rings to record extreme floods, and strong changes in the external

environment due to global warming36,37. Therefore, more cross verifications
of tree-ring chronologies or other proxy data are needed to accurately
capture extreme floods and droughts. Our runoff reconstruction also cor-
relates significantly (r = 0.41, p < 0.01) with the Yangtze River runoff at
Hankou station, which has the longest observed runoff record (1865–2008)
for southern China (Fig. 2e). This association implies that the low runoff of
the Yangtze River is significantly affected by drought in northern China,
such as during 1876–1879 and 1928.

Teleconnections between complex drought events in the Pacific
Rim and SST conditions in the Pacific Ocean
A comparison of our runoff reconstruction with hydroclimate reconstruc-
tions from the southwestern United States5 and Central Chile25 shows that
all these records correlate well with instrumental PDSI38 and runoff data39

(Supplementary Figs. 3–6). Localized hydrologic cycles dominate runoff
changes, yet there may still be common drivers that lead to synergistic
changes across the three regions, especially with sustained consistency in
recent decades (Supplementary Fig. 7). The Paleo Hydrodynamics Data
Assimilation product (PHYDA)40 reasonably reproduces regional hydro-
logic variations (Supplementary Fig. 8a), as dry and wet variations on land
dominated by tree-ringwidthdata are revealed. Thus, predominant ElNiño
patterns are shown during anomalous dry periods in the Hanjiang River
basin, whereas the southwestern United States and Central Chile appear to
be associated with cool, La Niña-like Pacific SST patterns12 (Supplementary
Fig. 9a–c).

Warm SST anomalies are particularly obvious in the Central Pacific
during when Hanjiang River drought conditions were out of phase/dis-
connected from the conditions in southwestern United States and Central
Chile (Supplementary Fig. 9d–f). These periods coincide with El Niño
patterns and neutral SST conditions in theAtlantic (Fig. 3a).When drought
conditions are common toall three regions, theunsynchronized reactions of
SSTs in the eastern and western Central Pacific occur (Supplementary Fig.
9g–i). Under the conditions of warm SST anomalies in the western Central
Pacific that caused the Hanjiang River droughts, cold anomalies in the
eastern SST showing an inversion accompanied the droughts in the

Fig. 2 | Runoff characteristics during documented drought and flood events.
a Results of the superposed epoch analysis (SEA) of the runoff reconstruction in the
Hanjiang River for 57 historical floods during 1580–1955 CE, b 54 historical
droughts during 1580–1955 CE, c 13 instrumental droughts during 1955–2014 CE,

and d 14 instrumental floods during 1955–2014 CE. Dashed and dotted lines mark
99% and 95% significance. e The runoff reconstruction in the Hanjiang River based
on tree rings shown together with the observed Yangtze river runoff data.
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southwesternUnited States and Central Chile (Fig. 3b). As discussed above,
moisture conditions in the water source areas of the water transfer projects
in the Pacific Rim region are related to the ENSO longitudinal dynamics-
dominated climate.

The inconsistencies between simulations and reconstructions on
interannual scales suggest the potential influences of internal variabilities41

(Supplementary Fig. 8b), while the ENSO longitudinal dynamics-
dominated patterns shown in Fig. 3 are supported by the map of the
composite 850 hPa water vapor flux and precipitation rate in different
categories of the ENSO Longitude Index (ELI)42,43, implying the occurrence
of El Niño at different longitudes. Accompanying the overall warm ENSO
phase (mediumELI), the SSTanomalywasnegative in theNorthPacific and
positive in the equatorial central Pacific. The PacificWalker circulation and
zonal winds were relatively weak, when anomalously strong westerly
moisture flux anomalies were generated in the equatorial central Pacific
Ocean. This configuration may lead to a decrease in water vapor transport
from the equatorial Pacific to eastern China, causing the rain belt to move
southward. Anomalous north-westerly winds over central-northern China
reduced the supply of oceanicwater vapor to this region. This in turn results
in drought conditions in the Hanjiang River basin44–47 (Fig. 3a, c and Sup-
plementary Fig. 10a). Additionally, the anomalouswesterly anomalies in the
equatorial Pacific enhance thewater vapor transport from the PacificOcean
to North and South America, bringing more abundant precipitation to
regions such as the southwestern United States and Central Chile12,48–50.

When El Niño occurs in the western Central Pacific (low ELI), it is
accompanied by inverse cold SST anomalies in the equatorial eastern
Pacific. Anomalous cooling causes an increase in sea level pressure,
resulting in a zonal easterly anomaly that intersects the westerly anomaly
in thewestern Pacific (Fig. 3b, d and Supplementary Fig. 10b). At the same
time, eastern Asia, southwestern North America, and South America all
show a pattern of water vapor transport from continent to ocean, with
linked droughts occurringwithin these three regions. The extent of runoff

changes in the reconstruction and CESM-LME similarly support the
above result that differences in the occurrence positions of El Niño
influence the occurrence of reverse and synergistic droughts in the Pacific
Rim (Supplementary Fig. 11). Taken together, these results suggest an
asynchronous linkage in response to Central Pacific SST between runoff
on the eastern and western coasts of the Pacific Ocean under normal
conditions. However, the occurrence of synchronous cold SST anomalies
in the eastern equatorial Pacific and North Pacific, accompanied by a
warm SST anomaly in the western equatorial Pacific, caused linked and
devastating droughts in Hanjiang River, the southwestern United States,
and Central Chile.

Future runoff projections
Using the downscaled and bias-corrected projections of the ensemble of 24
CMIP6 climate models (see Methods), we found a predominantly fluctu-
ating change from 1955 to 2014 CE, accompanied by an insignificant
downward trend (Fig. 1c). Future predictions of the multi-model ensemble
runoff indicate a large decrease (−15.84% for SSP2-4.5 and −12.10% for
SSP5-8.5) in runoff relative to the instrumental mean that is expected to
persist until the end of the 21st century (Fig. 4a, b and Supplementary
Fig. 13).We find that the projected distribution of runoff and the horizontal
line representing the mean during the period of 2070 to 2100 CE imply a
large decline in projected runoff in the SSP2-4.5 scenario, but a recovery in
projected runoff in the SSP5-8.5 scenario, which is still lower than the
historical mean (Supplementary Fig. 14). Under the two future scenarios,
the southwestern United States runoff first experiences ~20 years of decline
and then continues to rise until the end of the 21st century when it increases
by 2.59%and5.97%.Central Chilean runoff, on the otherhand, experienced
a short recovery and then a sharp decline until the 2060 s, followed bymore
drastic changes in both scenarios in reverse, especially with a 39.18%
decrease until the end of the 21st century in the SSP5-8.5 scenario (Fig. 4b
and Supplementary Figs. 13 and 14).

Fig. 3 | Relationship between hydroclimate variations on the Pacific Rim and
Pacific Ocean climate variability. a Composites of SST and PDSI from PHYDA40

for all the years corresponding to drought conditions in Hanjiang River and wet
conditions in the southwestern United States5 and Central Chile25. b Composites of
SST and PDSI fromPHYDA for all the years corresponding to drought conditions in
all three regions. PDSI and SST data are anomalies with respect to the period of

1580–2000. c Composites of precipitation and 850 hPa water vapor transport
anomalies (vectors, where uq and vq are multiplied by 1000) in the CESM-LME65,66

for all the years corresponding to the medium ELI42,43 conditions. Precipitation and
water vapor data are anomalies with respect to the period of 1580–2005.dAnalogous
composites for the low ELI conditions.

https://doi.org/10.1038/s41612-024-00706-1 Article

npj Climate and Atmospheric Science |           (2024) 7:153 4



As a result of global warming, the hydroclimate in the Pacific Rim has
changed dramatically. Under future drought conditions in the Hanjiang
River, the probabilities of at least one of the southwestern United States and
Central Chile also experiencing droughts have risen compared to the his-
torical period. In particular, under the SSP5-8.5 scenario, the frequency of
compounddroughts increases by 9.03%and4.25%compared to theCESM-
LME and the reconstruction, respectively, accompanied by more severe
drought levels compared to the SSP2-4.5 scenario (Fig. 4c, d). We find that
under the whole El Niño conditions, the probability of the future El Niño
occurring in the western or central Pacific will increase, rather than in the
easternPacific.Theprobabilitieswould rise by2.54%and9.53% in theSSP2-
4.5 scenario compared to CESM-LME and the reconstruction, respectively,
while they would be 11.57% and 18.56% in the SSP5-8.5 scenario (Fig. 4e).
The rising proportion of warm SSTs in the western or central Pacificmeans
that droughts in the Hanjiang River and even synergistic droughts will be
more frequent.

Implications for future water resources management
Coinciding droughts in China, the southwestern United States, and Central
Chile were extraordinarily rare in the Pacific Rim region during the last 400
years. However, the frequency and magnitude of extreme hydrological
events increased significantly during the 20th century/recent period of global
warming. There is considerable uncertainty in predicting the future status of
water resources in the Pacific Rim region, which depends on interplay
between warming-affected evaporative demand, ENSO longitudinal
dynamics-dominated precipitation patterns, and regional water
consumption51–55. Previous studies have found that climate change has
several significant influences on the quantity of globally available water
resources, and that regional differences due to climate change may be sig-
nificant but are highly uncertain56–58. The new observation detailed here is

that linked water resources along the Pacific Rim are affected by ENSO
longitudinal dynamics, and hydroclimate reconstructions and CESM
ensemble reveal droughts to be exacerbated by anomalous sea surface
temperature patterns, although the probabilities are relatively low. The
combined effects of prevailing SST patterns and increasing evaporative
demand threaten regional water supply and the stability of the food
production.

Our results indicate that the variability of Pacific climate can trigger
droughts along the Pacific Rim at any time in the future, not just in North
and South America. Considering the impact of greenhouse-gas-driven
droughts on the Pacific Rim, transfer projects may not solve the problem of
water regional resource shortages, but might even increase the scale of
drought impacts in the source areas. Increasing climate anomalies and
human intervention challenges the prediction of future water resource
changes. It is therefore important to improve our understanding and
modelingof the influences of climate changeonwater resources to copewith
ongoing anthropogenic warming.

Methods
Tree-ring and runoff data
Wecollected incremental cores of pine trees (Pinus tabulaeformis andPinus
bungeana) from eight sites with shallow rocky soils in the Qinling Moun-
tains, central China, from 2010 to 2022 (Supplementary Table 1). After
recording the tree-ring widths to the nearest 0.001mm, individual tree-ring
width series were visually cross-dated. First, all tree-ring width series were
detrended to remove non-climatic trends and then averaged to produce the
eight site chronologies (Supplemental Fig. 1).

Detrending was accomplished by fitting each ring-width series with a
cubic smoothing spline with frequency response 0.50 at 2/3 the sample
length, followed by division of themeasuredwidth by the value of the spline

Fig. 4 | CMIP6 projections of hydroclimate variations of the Hanjiang River in
China, southwestern United States, and Central Chile. aKernel density profiles of
the runoff reconstruction, instrumental period, CMIP6 projections in the Hanjiang
River. b Future runoff variations of the Hanjiang River Basin (HJRB), southwestern
United States (SWUS) andCentral Chile (CC) during the period of 2023–2100under
SSP2-4.5 and SSP5-8.5 scenarios. The vertical dashed lines represent the respective
mean values. c The probabilities of at least one of the other two regions experiencing
drought under theHanjiang River drought conditions in the reconstruction, CESM-
LME, andCMIP6 future scenarios.dBox-and-whisker plots of runoff changes in the

Hanjiang River Basin, the southwestern United States, and Central Chile for the
years involved in c. Here, the box of the box-and-whisker plot indicates the 25–75%
range, the whisker line indicates the 10–90% range, and the middle line indicates the
mean. The scatter and normal distribution curves are given in parallel. Here all
runoff data are first-order differenced and the variation ranges are indicated using
multiples relative to the standard deviation (SD). e The probabilities of low and
medium ELI conditions under all El Niño occurrence in the reconstruction, CESM-
LME, and CMIP6 future scenarios.
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in each year (ratio detrending. The detrended indices were then averaged
into site chronologies using a bi-weight mean. No adjustment was made to
detrend chronology variance as a function of changing sample size.We use
the standard rather than the residual version of chronologies59. The
expressed population signal60 (EPS; Supplemental Table 1 and Fig. 2) was
used to identify the period of adequate sample size at each site. In addition to
the eight individual chronologies, we combined series from all sites into a
regional composite chronology covering a longer reliable interval than any
of the individual site chronologies. Instrumental runoff data were obtained
from the hydrological station at the Danjiangkou dam site for 1955–2014
(32°31′ N, 111°31′ E, Fig. 1) and used to determine appropriate runoff
reconstruction models. The soil moisture reconstruction for the south-
western United States was performed using 1521 tree-ring chronologies,
based on the ensemble reconstructions since 800 CE5. The PDSI recon-
struction for Central Chile is derived from the South American Drought
Atlas (SADA) constructed on the basis of 286 tree-ring sites, which was
computed using nested Point-by-point regression (PPR), also spanning the
last 600 years25. Additionally, to identify large-scale forcing of hydroclimate
variations in the Hanjiang Basin, the southwestern United States5, and
CentralChile25, spatial correlationfields for thehydroclimate reconstruction
and actual August–July climate (temperature, precipitation, PDSI)38,61, and
runoff 39 were generated.

Runoff reconstructions
The first principal component of a principal component analysis accounted
for 46.3–56.7% of the variance of the eight site chronologies for their
common period, indicating that pine tree growth responded to a common
driving factor (Supplementary Table 2). Significant (p < 0.05) correlations
with the gridded precipitation (r = 0.67), runoff (r = 0.51), and temperature
(r =−0.41) data indicate that pine tree growth is primarilymoisture limited.
The strongest correlations were found between the tree-ring chronologies
and total August–July runoff (Supplementary Fig. 4). The reconstructions
were developed using a nested principal component regression procedure62

and included four separate nests linked continuously from 1620 to 2022 CE
(Supplementary Table 2). The reconstruction model was simple linear
regression, with runoff as the predictand. For nests beginning 1620 or later,
the predictor was the first principal component of the available site
chronologies. For the earliest reconstruction interval, 1580-1619, the pre-
dictor was the composite regional chronology. The amount of variance
explained by the reconstruction is 40.7–44.8%.

Split-sample (first and second halves of 1955–2014) validation was
conducted to check the statistical fidelity of the reconstruction models
(Supplementary Fig. 2 and Table 2). For each nested subset, the error
reduction (RE) and the validation R2 values were used to assess the skill of
each nested model63. The final model used for reconstruction was then
calibrated using the full instrumental period 1955–2014. The lowest RE and
R2 for the validation period are 0.26 and 0.3 (n = 30, p < 0.01), respectively,
which satisfy the criteria. Because the site chronologiesweremore up to date
than the instrumental runoff record, the reconstructions could extend the
instrumental calibration runoff data forwards to 2022. We investigated the
occurrence of drought and flood signals in our runoff reconstruction using
Superposed Epoch Analysis (SEA)64, based on two different event year lists,
using historical documents35 and instrumental data.

Drought events and drivers explored
In order to be as revealing as possible about drought variability, we define
years below the mean as drought years (Supplementary Table 4). For the
drought composites (Fig. 3a, b and Supplementary Figs. 7 and 8), we used
the PDSI and SST anomalies from the Paleo Hydrodynamics Data
Assimilation product (PHYDA)12,40.

To reveal the linkages with atmosphere circulations, composite maps
of SST, rainfall, and 850 hPa water vapor transport anomalies were pro-
duced using the simulated data from the Community Earth SystemModel
Last Millennium Ensemble (CESM-LME)65. The CESM1.1 model,
employed in CESM-LME simulations, represents a comprehensive tool for

simulating Earth’s climate system interactions, integrating atmospheric,
oceanic, land, and cryosphere processes66. The CESM-LME simulations
account for the dynamic interplay of initial conditions, external forcings,
and physical laws, which may lead to variability in hydroclimate evolutions
due to the complex and random nature of internal climate variations.
Nonetheless, the model is still based on the fundamental physical laws that
control climate processes, allowing us to understand how complex beha-
viors emerge from basic physical properties and interactions65–68. The
CESM-LME simulations, as an extensive paleo-hydroclimatic ensemble
spanningmillennia, provide valuable insights into long-term hydroclimatic
drivers, including the Pacific Rim41,69–71.

Here, the ENSO Longitude Index (ELI)42,43 is used to indicate changes
in ENSO’s longitudinal dynamics. The ELI is calculated by first estimating
the central Pacific mean SST at each longitude within 5°S-5°N, and subse-
quently averaged over all longitudes above the mean SST. In this study, the
longitude ranges are selected from 170° to 280° and are calculated in every
5°. The smaller the ELI value, the more westward the El Niño occurs. In
addition to the spatial correlation withHadISST72, the main explorations in
this study are water vapor transport, runoff distribution, etc. under low and
medium ELI conditions.

The probability of at least one of the other two regions (southwestern
United States and Central Chile) experiencing drought under Hanjiang
River drought conditions is calculated, serving to reveal the risks of syner-
gistic drought occurrences at different time periods. Here, we employed
first-order differencing on the data to mitigate the influence of long-term
trends and cyclical patterns, enabling a clearer analysis of the data’s intrinsic
variations and enhancing the accuracy of our probability assessments.
Meanwhile, we present the probabilities of west and central El Niño
occurrences within the broader context of ElNiño events, highlighting their
potential impact on drought conditions in theHanjiangRiver Basin, or even
synergistic drought emergence.

Downscaled and bias-corrected CMIP6 data
Wehave also extracted the total runoff parameter output of theHanjiang
River Basin, the southwestern United States, and Central Chile from a
24-model ensemble of CMIP673. CMIP6 consists of historical simula-
tions during the period of 1850–2014 and different scenario simulations
during the period of 2015–2100. Based on the length of the recon-
struction, the period up to 2022 is defined as the historical period, while
the period of 2023–2100 is defined as the future period, and the repre-
sentative SSP2-4.5 and SSP5-8.5 scenarios were used for the future
simulation period.

In order to make finer and more realistic predictions, we have per-
formed dynamic downscaling and bias correction on theCMIP6 data74. The
method begins by regridding the GRUN and CMIP6 data to a horizontal
grid spacing of 0.5° × 0.5° using bilinear interpolation. We have then eval-
uated the performance of all models compared to global runoff dataset39

(GRUN) for the period 1902–2014, and selected CESM2-WACCM for
subsequent analysis (Supplementary Fig. 12). Downscaling and bias cor-
rection methods applied to monthly data since 1902, and the GRUN and
CMIP6 ensemble data can be decomposed into a long-termnonlinear trend
(NLT) plus a perturbation term:

GRUN ¼ GRUNNLT þ GRUN 0 ð1Þ

CMIP6 ¼ CMIP6NLT þ CMIP60 ð2Þ

The ensemble empiricalmodel decomposition (EEMD)method75 is used to
compute the NLT. Here it is assumed that the variance bias remains con-
stant from the historical period to the future period, so the inclusion of the
scaling factor rs corrects for the bias, while the exclusion of the long-term
NLT in the perturbation avoids undue correction.

CMIP60v ¼ CMIP60 × rs ð3Þ
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where rs = SDGRUN'/SDCMIP6',which is the ratio of the standarddeviationsof
the de-trended GRUN and CMIP6 data. The corrected CMIP6 data is then
rewritten as:

CMIP6d ¼ GRUNNLT þ CMIP60v ð4Þ

Similarly, future projections will be downscaled and bias corrected
according to CESM2-WACCM. Note that climate models may also
overestimate or underestimate themagnitude of interannual variability, and
thus need to be corrected again for variance bias in future projections based
on observed data74.

In particular, the simulated Hanjiang River runoff was scaled to the
same standard deviation and mean values as the observed runoff for our
reconstruction models (gaged river discharge volume in m3/year)
enabling us to directly compare the predicted future changes with the
reconstruction and observations76–79. We assessed the kernel probability
density estimation of observed, reconstructed, and simulated runoff data
based on a Gaussian distribution, showing great consistency, especially
between observed and simulated data (Supplementary Fig. 14a). Instead,
the reconstructed data are more centrally normally distributed with a
smaller distribution amplitude, revealing a bias in the fit to the
extremes80,81

Data availability
The runoff reconstruction of Hanjiang River can be downloaded from the
MendeleyData RepositoryCenter (https://doi.org/10.17632/pksym6cjfg.2).
The PHYDAdataset is archived at https://zenodo.org/record/1198817. The
CESM-LME datasets were provided from https://www.earthsystemgrid.
org/dataset/ucar.cgd.ccsm4.CESM_CAM5_LME.html. The CMIP6 data-
sets are accessible at https://esgf-node.llnl.gov/search/cmip6/. The obser-
vation gridded datasets (CRU, GRUN, andHadISST) can be obtained from
http://climexp.knmi.nl/.

Code availability
The code to perform these analyses is available from the corresponding
authors upon request.
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